This paper presents the regionalisation of the three parameter event-based PQRUT model, which is used for design flood analyses. The PQRUT model is used for the analysis of peak flows for which a sub-daily temporal resolution is required. The availability of high-resolution discharge data and disaggregated precipitation data have made it possible to re-evaluate the regional regression equations currently in use. We also assess whether the model parameters show spatial dependency.
INTRODUCTION
() uses ensemble modelling, based on the generalised likelihood uncertainty estimation, to regionalise the parameters of the probability distribution model, using 127 catchments in the UK. In a study by Wagener et al. () , a weighted regression was used to regionalise the five parameter pd4-2pll model, representing the probability distributions of stores and routing components. The proposed framework involved using a weighted regression, based on the 'identifiability' of the model parameters. The identifiability was estimated by using the gradient of the cumulative distribution of the parameters for different segments of the parameter space. Catchments with high identifiability received higher weights in the multiple regression. The results of the study showed an improvement in the coefficient of determination for some of the parameters when weighted least squares regression is used compared to using ordinary least squares (OLS) regression.
However, similar Nash-Sutcliffe efficiency (NSE) values of 0.78 were achieved using the two regression methods.
As can be seen from this summary of relevant studies, different levels of effectiveness are reported for the regionalisation methods applied. This most likely reflects physiographic differences between the locations used as study sites, as well as differences in data availability and quality. As it can be very difficult to determine which method will perform best for a given locality, there is a strong argument for testing alternative methods for regionalisation before selecting a preferred method.
In this study, model dependent regionalisation will be used to generalise the parameters for a simple, event-based model, PQRUT, used for estimation of design floods in Norway. PQRUT is an event-based model with three parameters, which are, in principle, linked to the shape of the hydrograph for high flow events. These parameters can be calibrated where data are available, although PQRUT is primarily used for ungauged catchments, such that other methods are required for setting the three parameters. The parameter estimates currently used for ungauged catchments are based on a regionalisation using regression equations developed over 30 years ago (Andersen et al. ) . For that regionalisation, 38 catchments were considered, representing sites for which sub-daily rainfall data were available from meteorological stations equipped with pluviometers. All of these sites were located in the southern half of Norway. Hourly values of rainfall were extracted from pluviographs from the nearest meteorological station for comparison with high-resolution discharge data for a given catchment. As the PQRUT model has no parameters to account for storage prior to or changes in storage during an event, full saturation was assumed at the start of each event used for calibration. In order for this assumption to be satisfied, only discharge events which were preceded by a cumulative precipitation of at least 50-100 mm in the two preceding weeks were used in the calibration. Following the calibration of individual sites, stepwise multiple linear regression was used to select significant catchment descriptors and derive regional equations. In addition, recommendations for adjustments of the K 1 parameter values, depending on the effective lake percentage and the fraction of marsh in the catchment, were given based on the results of the analysis.
During the intervening time period, the availability of both discharge and precipitation data with high temporal resolution has increased significantly, providing much needed input data to support the 1-hour time step usually used in model applications. In this work, we therefore reevaluate the empirical equations using newer precipitation and discharge data series and a wider range of catchments consider methods for incorporating uncertainty into the parameter estimates given by the regression equations, and also test for the presence of spatial autocorrelation in the parameters. This latter factor is of interest as it could support the use of kriging or parameterisation by sub-regions. As there is a continued need for extreme flow estimates at ungauged sites, a re-evaluation of the original equations based on newer data and methods is long overdue.
METHODS

Study area and data set
Study catchments were primarily selected using the following two criteria: the streamflow in the catchments must be unregulated, the catchments must have at least ten years of hourly discharge data. In addition, it was necessary that a calibrated HBV model already existed for the catchment (Lawrence et al. ) , as this assisted in selecting rainfalldominated discharge events for calibration, as further described in the following section. The catchment size was restricted to small-and medium-sized catchments, as practical applications tend to indicate that the PQRUT model overestimates peak values in larger catchments. This is most likely due to the simple model formulation which does not allow for internal storage during a runoff event.
Although it is difficult to establish an upper boundary, as this will vary significantly with catchment characteristics and flood generating processes, the largest selected catchment in this study is 1,648 km 2 while the median size is 170.5 km 2 (Table 1 ). Figure 1 illustrates the 55 catchments used for the calibration, and although they are generally fairly well distributed across Norway, the northern region has fewer catchments such that the catchment density is particularly limited in that region. The selected catchments are all members of the Norwegian Bench Mark data set (Fleig et al. ) , ensuring that the data series are of sufficient quality for modelling, at least, daily discharge, including flood peaks.
Catchment descriptors related to geomorphologic: area and mean annual precipitation (P), were selected for analysis ( 
PQRUT
The PQRUT model is an event-based model that follows a simple reservoir concept (Figure 3 ) related to the shape of the hydrograph. The model is primarily applied to ungauged or regulated catchments for which it is not possible to calibrate a more complete hydrological model, such as HBV.
The parameters K 1 and K 2 represent the fast and slow response of the hydrograph, and the parameter T is the threshold value above which the fast response parameter K 1 is activated. The following formulas (Andersen et al.
)
are currently used to estimate the three parameters if the model cannot be calibrated:
where Hl is the catchment steepness, A SE is the effective lake per cent, and QN is the 'normal' specific runoff, which in practice is estimated for the period from seNorge runoff data for the entire country.
The model is used, among other things, for the estimation of design floods and safety check floods for dam given design water levels.
Event selection and calibration
In order to calibrate an event-based model, individual discharge events must be selected from the observed time series. For each catchment, the 45 highest discharge events were selected from the 1-hour time series using several criteria. First, the duration of the high flow event must be identified, and this was done based on an estimate for the baseflow. The start and the end of the event was chosen to be higher than 1.05 of the baseflow, as determined by using the Lyne and Hollick filter (Lyne & Hollick ), Hollick filter can be considered for this application because only the start and end of the event need to be determined.
The filter is based on a recursive method such that the equation for the direct runoff (Qd) at time i can be written as: It was also important to select events for the calibration which are primarily driven by rainfall, rather than combined rainfall and snowmelt. Although the latter are important in design flood applications, the lack of a suitable model for hourly snowmelt in the wide range of catchments considered here makes it difficult to correctly specify welldefined hourly input for the calibration. The results from a In addition to the criteria for event duration related to the baseflow filtering, an independence criteria of 350 hours was imposed on the events selected for each catchment. The selected events were then also screened visually, to ensure the quality of the sub-daily time series.
Hydrographs suggesting poor data quality, for example, having large steps in the hourly discharge, were discarded.
In some catchments, events selected using the baseflow criterion had long durations (>500 hours), particularly if they occurred during low baseflow periods. In these cases, the hydrographs were truncated manually based on the visual inspection. This final process of manual data screening was very time-consuming, but was found to be necessary for obtaining good calibration results from the hourly discharge data.
The time step used to run the model was set to 1 hour.
Precipitation data with a 3-hour temporal resolution, representing a temporal disaggregation of daily gridded data using the HIRLAM model (Vormoor & Skaugen ) , were used to drive the model. A uniform distribution was used to further disaggregate the rainfall data to a 1-hour time step.
The events were calibrated by using the dynamically dimensioned search optimisation (Tolson & Shoemaker ) available in ppso package in R, and the Kling-Gupta efficiency (KGE) criterion (Gupta et al. ) was used as the objective function.
In addition to the three PQRUT parameters illustrated in Figure 3 , an additional parameter, lp, was introduced to account for initial losses to the soil zone, depression storage and evapotranspiration at the onset of the event. Although model applications for design floods generally assume full saturation, this is not necessarily the case for the events selected from the time series, particularly after the bulk of events involving snowmelt have been excluded. In addition, the exclusion of all hydrographs for which initial conditions are less than fully saturated, would lead to too few representative events for model calibration. Therefore, this additional parameter was introduced so that a wider range of events could be included in the calibration relative to those which would be identified if a constraint of full saturation (i.e., zero storage capacity) were imposed, such as was there were less than five events with KGE >0.7), six of the catchments were excluded from the analysis. These catchments had either a high percentage of glacier cover (>20%) or a snowmelt dominated flood regime.
Multiple regression
The PQRUT parameters were regionalised using stepwise Table 3 .
The parameter K 1 (representing the fast runoff rate, 
The same catchments identified and removed as outliers for the OLS regression were also identified and removed as outliers for equations (Equations (7) and (8)) for K 1 and K 2 . For Equation (9) for T, three catchments were removed as outliers.
The resulting equations for the coefficient of variation for the parameters are: 
Two outliers were detected for Equation (10) and removed, and no outliers detected for Equations (11) and (12). The coefficients of determination for equations (Equations (4)-(12)) are given in Table 5 .
Spatial pattern
The results from Moran's I test, performed for the parameters of the PQRUT model and for the residuals of the OLS regression, using distance threshold of approximately 250 km 2 indicate that the spatial autocorrelation for cluster pattern is not significant (p < 0.05) ( Table 6 ). In addition, PAM cluster analysis was performed on the four catchment descriptors (DrInd, Hl, Lk and Q) that both show highest correlation to the parameters and also contain information about the regional pattern. The resulting classification performed for the 49 catchments did not show geographically homogeneous regions, except for the catchments which belong to cluster 2, in southeast Norway ( Figure 5 ).
The highest number of catchments is classified to cluster 1 and includes catchments that are located mostly in midNorway but also some catchments located in southern
Norway or western Norway. The resulting clusters 3 and 4 contain small catchments, located mostly in south western
Norway. The number of catchments in clusters 3 and 4 is under 10, which means that robust regression equations could not be developed.
Performance of the regionalisation methods
In order to test the performance of the new equations, a comparison was made between estimates based on the original calibration from 1983 (Equations (1)- (3) Figure 6 . The parameters were then estimated by using the regional equations (Equations (7)- (9) Table 7 .
DISCUSSION Coefficient of determination for the equations
There is significant correlation between the three model par- slow response rate (Table 4 ). An opposite correlation is In order to reduce the influence of the catchments where the precision of the estimation of the mean parameter (1)- (3)), weighted regression (Equations (7)- (9)) and regression (Equations (4)- (6)). values is low, the weighted regression method was used. The catchments that had the lowest weights in the regression for K 1 were medium-sized catchments with spring flood regimes, which means that there was a significant snowmelt contribution during the highest flow events. These events were not selected for calibration because the snowmelt was higher than 20%, and an hourly model for disaggregating the daily snowmelt was not available. Therefore, relatively insignificant peak flows often occurring during the summer and autumn months were used for the calibration, and this contributes to the higher uncertainty in the K 1 values for these catchments. For some of these catchments, the values of K 1 may be related to different generation processes for different flood hydrographs, and as a result, the calibrated K 1 values are correlated with different catchment descriptors. The catchments that had the highest standard error for K 2 and T had an area of less than 100 km 2 (excepting one with an area of 267 km 2 ) and different seasons of highest floods. The uncertainty reflects the small size of the catchment and, in these cases, precipitation data of higher temporal resolution may be required Weighted regression (Equations (7)- (9) 
